We model the subnebulae of Jupiter and Saturn wherein satellite accretion took place. We expect a giant planet subnebula to be composed of an optically thick (given gaseous opacity) inner region inside of the planet's centrifugal ras 22Rs J 15Rj for Jupiter and rc -_ dins (located at rc "-_ for Saturn), and an optically thin, extended outer disk out to a fraction of the planet's Roche lobe, which we choose to be _ /_och_/5 (located at _ 150Rj near the inner irregular satellites for Jupiter, and _ 200Rs near Phoebe for Saturn). This places Titan and Ganymede in the inner disk, Calllsto and lapetus in the outer disk, and Hyperion in the transition region. The inner disk is the leftover of the gas accreted by the protoplanet. The outer disk results from the solar torque on nebula gas flowing into the protoplanet during the time of giant planet gap opening 0Bryden et. al. 1999). For the sake of specificity, we use a cosmic mixture "minimum mass" model to constrain the gas densities of the inner disks of Jupiter and Saturn (and also Uranus). For the total mass of the outer disk we use the simple scaling Mai_k "_ Mp 7"gap/r,_, where Mp is the mass of the giant planet, 7-9ap is the gap opening timescale, and _-acc is the giant planet accretion time. This gives a total outer disk mass of _ 100Moam_to for Jupiter and possibly _ 200Ml_,_t_ for Saturn (which contain enough condensables to form Callisto and Iapetus respectively). Our model has Ganymede at a subnebula temperature of ,_ 250 K and Titan at ,_ 100 K. The outer disks of Jupiter and Saturn have constant temperatures of 130 K and 90 K respectively. This model has Callisto forming in a timescale -,_ 106 years, Iapetus in _ 10 _ -10 _ years, Ganymede in 103 -104 years, and Titan in 104 -105 years. Callisto takes much longer to form than Ganymede because it draws materials from the extended, low density portion of the disk; its accretion timescale is set by the inward drift times of satellitesimais with sizes 300-500 km from distances _ 100Rj. This may be consistent with a partially differentiated Callisto with a ,,_ 300 km clean ice outer shell overlying a mixed ice and rock-metal interior as suggested by Anderson et al. (2001). It is also possible that particulate matter coupled to the high specific angular momentum gas flowing through the gap after giant planet gap-opening lengthens the timescale for Callisto's formation. Furthermore, this model has Hyperion forming just outside Saturn's centrifugal radius, captured into resonance by proto-Titan in the presence of a strong gas density gradient as proposed by Lee and Peale (2000). While Titan may have taken significantly longer to form than Ganymede, it still formed fast enough that we would expect it to be fully differentiated. In this sense, it is more like Ganymede than like Callisto (Saturn's analog of Callisto, we expect, is lapetus). An alterna-tive starved disk model whose satellite accretion timescale for all the regular satellites is set by the feeding of planetesireals and/or gas from the planet's Roche-lobe implies a long accretion timescale for Titan with small quantities of NHs present, leading to a partially differentiated (Callisto-like) Titan.
Introduction
The large satellites of Jupiter and Saturn (the Galilean satellites plus Titan) generally have low inclinations and eccentricities.
Perhaps most striking is the progression of satellite density in the Galilean system (,p, = 3.5 gcm -3 for Io, p, = 3.0 g cm -3 for Europa, p_ = 1.94 g cm -3 for Ganymede, and p_ = 1.85 g cm -a for Callisto). Furthermore, some characteristics of the regular satellite systems of the giant planets are quite similar (Pollack et al. 1991) , in particular the ratios between the satellite systems and the parent bodies of mass, angular momentum, and size. These similarities suggest a common origin in an accretion disk present about the protoplanets at a late stage of their formation. These properties taken together with the tantalizing ratio of satellite to primary of M_/Mp 10 -4 (not too dissimilar from the ratio of giant planet to Sun) lead one to think of the Galilean satellite system as a kind of scaled-down solar system with the satellites accreting from a circumplanetary disk left over from the process of planetary formation.
INTRODUCTION
withand retain oxidized ices more volatile than H20. Inthe case ofTitan, it isprobably thepresence ofmethane inthe atmosphere that has received themost attention (Lunine et al. 1989; Prinn and Fegley 1989) . Prinn and Fegley (1981) established that methane and ammonia were the dominant carbonbearing and nitrogen-bearing molecules in the hypothesized Saturnian subnebula, provided that this disk was of solar composition, gaseous, optically thick and had access to regions close to Saturn with high (,-, 800 K) quench temperature and 1 bar pressure.
Such a disk is consistent with the subnebula model of Lunine and Stevenson (1982) or the spin-out scenario of Pollack et al. (1991) . Another challenging problem is the result that the Galileo mission moment of inertia data are consistent with a fully differentiated Ganymede, but only a partially differentiated Callisto (Anderson et al. 1998 ). More recently, Anderson et al. (2001) have investigated two and three layer models for Callisto's internal structure assuming hydrostatic equilibrium.
For the two layer models these authors find two limiting cases: a relatively pure ice shell about _ 300 km overlying a mixed ice and rock-metal interior, and a thick > 1000 km ice and rock-metal outer shell overlying a rock-metal core. Since it is difficult to reconcile a metallic core with a partially differentiated state the former solution appears more likely. Given that accreting bodies allocate a fraction of their energy as surface heat (Schubert et aL 1981; Coradini et al. 1982) , fast satellite accretion would melt the water ice and lead to rock separation and runaway differentiation (Friedson and Stevenson 1983) .
Since a differentiated depth of ,,, 300 km may trigger this mechanism, Anderson et al. (2001) suggest that Callisto may be in the process of differentiating, only it is doing so slowly. Previous attempts to explain an undifferentiated Callisto have relied on fine tuning parameters (Schubert et al. 1981; Coradini et al. 1982; Lunine and Stevenson 1982) .
While it is possible that non-hydrostatic effects in Callisto's core could be large enough to allow for complete differentiation of Callisto and sufficiently small in Ganymede to avoid detection, we regard this possibility as unlikely. Instead, we favor a model that makes Callisto slowly.
Other issues also seem difficult to explain. For instance, one might expect the outermost Galilean satellite to have significantly less angular momentum than the preceding satellite. If we insist in forming all the Galilean satellites out of a more or less uniform accretion disk, the size of Callisto would seem to require a disk with a very sharp outer cut-off outside Callisto.
It seems unlikely that the satellite disk would have enough surface density to make a satellite the size of Callisto at 26R j, but form no smaller objects further out. Furthermore, the separation between Ganymede and Callisto (_ 10R j) is so large that one is led to wonder why there are no satellites in between at ,-, 20Rj. One can imagine that the inner three satellites evolved inward from their original positions, but then Callisto should also have evolved (evolution outward due to tidal effects does not help with this issue). On the other hand, one can always argue serendipity, but the Galilean satellite system is sufficiently regular that we reserve this explanation as a last resort.
A similar point can be made concerning Titan and Iapetus.
" 1 INTRODUCTION add the amount ofgas necessary tocreate acosmic compositionmixture the resulting disks have atotal angular momentumcomparable tothespin angular momentum oftheparent planet (Stevenson et al. 1986 ) This is consistent with the spin-out scenario (Korycansky et al. 1991) hisms on the other. If so, one might calculate models with "minimum mass" by augmenting the mass of the satellites by some factor (typically _ 100), corresponding to the mass ratio of gas to rock/ice in the solar nebula. This factor might be decreased somewhat in view of the heavy-element enrichment of the giant planets, or increased in view of the possible loss of some of the accreting materials as a result of the specifics of the process used to make the planet and satellites.
Given the uncertainty inherent in these arguments, and the lack of observational evidence of wide systematic departures from solar mixtures, it is reasonable to continue to use solar proportions as a guide. Furthermore, we regard the order of magnitude agreement between protoplanetary disk models (Lunine and Stevenson 1982) and the "minimum mass" model as suggestive that one should indeed expect close to solar mixtures in the circumplanetary disk.
In order to arrive at a specific model for the formation of regular satellites in a gaseous medium we need to characterize the subnebular viscosity. It has been suggested that because of the stabilizing influence of a positive radial gradient in specific angular momentum, turbulence in a Keplerian disk is not self-sustaining unless a source of "stirring" is found (Ryu and Goodman 1992; Balbus, Hawley and Stone 1996) . As a result, one needs to identify a specific mechanism that can maintain turbulence in the dense, high orbital frequency subnebula. One such suggestion is that convection drives turbulence (Lin and Papaloizou 1980; Ruden and Lin 1986 ); however, eventually particle growth stops convection by diminishing the Rosseland mean opacity and weakening its temperature dependence (Weidenschilling and Cuzzi 1993) . Given the fast dynamical timescale and the high particle density of the subnebula disk, coagulation and settling times for sticky particles is likely to take place on a timescale considerably faster than disk evolution. Thus, convection probably cannot drive disk evolution.
Another possibility is that turbulence is driven by a magnetohydrodynamic (MHD) instability (Balbus and Hawley 1991) .
But this is also unlikely to apply (Gammie 1996) in the dense, dusty and relatively cool subnebula disk. Alternately, there are a variety of ways that accretion itself, or the gravitational energy released by it, can provide the source of free energy that can drive turbulence. It has been pointed out (but not quantitatively explored) that a turbulent shear layer where the angular momentum of the infalling gas is adjusted to the angular momentum of the Keplerian disk flow exists below an accretion shock and may provide a localized viscosity (Cassen and Moosman 1981; Cassen and Summers 1983) . More recently it has been shown that a bump in the temperature profile of the disk, as may result from accretion, leads to Rossby waves and localized turbulence (Lovelace et al. 1999; Li et a12000) . Similarly but more generally, Klahr and Bodenheimer (in press) study a global baroclinic instability as a source of turbulence and angular momentum transport in Keplerian accretion disks characterized by a negative entropy gradient. Such a model leads to turbulence that is a function of position and time.
In order to create a coherent scenario of satellite formation, the source of the solids that go into the satellite systems must be considered. It is possible that the concentration of rock/ice to gas in the subnebula depends on the ability of the protoplanet to disturb the orbits of planetesimals situated within a few AU of its orbit into ones that crossed its orbit (Gladman et a11990).
One would expect that within a timescale much shorter than the lifetime of the solar system virtually all the planetesimals located in the outer solar system would have their orbits perturbed into giant planet crossing orbits. What happens to such a planetesimal depends on the size of the planet at the time of crossing.
If the giant planet's envelope filled a fair fraction of its Hill radius (as it probably did during all or most of the later stages of accretion, unless significant amounts of gas accreted through the gap) then planetesimals < 100 km (Zahnle, private communication) may break up high in the contracting envelope of the giant planet, and be left behind with the gas disk. Late arriving planetesimals might have been scattered to further out regions of the solar system with some sent to the Oort cloud and some lost altogether. Our model relies on early arriving planetesimals that breakup in the extended Jovian and Saturnian envelopes to provide the bulk of the material that will eventually make the satellite systems. This model is consistent with a model that forms the irregular satellites of Jupiter at a time when the proto-planetary envelope was collapsing rapidly and extended several hundred planetary radii (Pollack et al. 1979 ).
The idea is for the envelope to capture objects into planetary orbits yet not drag them into the planet. A similar model might apply to the capture of Phoebe in orbit around Saturn. In this model late arriving interplanetary debris plays a role in that it can threaten the survival of regular satellites close to their primary. Thus, the large disparity in masses between Titan and all other moons of Saturn may be the result of breakup of satellites by high-velocity impacts (Lissauer 1995) . In this model, it is also possible that the outermost large, regular moon in the Jovian and Saturnian systems, which is located outside the centrifugal radius, derives a fraction of its mass from particulate matter coupled to the high specific angular momentum gas flowing through the gap after gap-opening, once the giant planet has accreted most of its mass. By contrast, a starved disk model (Stevenson 2001) relies on the late amving planetesimals and/or flow through the gap to form a disk around the planet out of which all the regular satellites will eventually accrete. One must keep in mind, however, that most planetesimals were probably scattered or the giant planets would have ended up with too much high-Z mass (Podolak et al. 1993) , and that most of the mass in the disk at late times is in the form of planetesimals (Weidenschilling 1997) . Furthermore, gas arriving at late times may have sufficient specific angular momentum to place it in orbit outside of the centrifugal radius (whereas most of the mass in the satellite systems of the giant planets is inside of this radius).
we characterize the subnebulae of giant planets, especially that of Jupiter. In section 4 we discuss the accretion of the Galilean satellites, reserving discussion of Callisto for Section 5. In section 6 we turn to Saturn's satellite system. In section 7 we discuss the satellite system of Uranus.
In section 8 we make some comments on an alternative satellite accretion model which leads to a long accretion timescale for every satellite.
In section 9 we present our conclusions and discussion. In Mosqueira and Estrada (2002, submitted to Icarus, hereafter Paper II) we turn to the migration and survival of full-sized satellites. In section 2 we organize the satellite systems of the giant planets according to the Hill radius of the primary. In section 3
Regular Satellites of Giant Planets
We start with a brief comparative discussion of the satellite systems of the giant planets.
Here we advance arguments discussed in the remainder of the paper so as to organize the systems under consideration, and facilitate the ensuing discussion.
Proper comparison
of the satellites requires we establish a guiding principle to order the satellite systems. We believe satellite positions should be compared in terms of the Hill radius Rn = a(Mp/3Mo) 1/3 of the primary (and the concomitant centrifugal radius rc ,_ Rn/48).
In Figure 1 , we plot the locations of the regular satellites (solid circles) and the innermost irregular satellites (open circles) in units of the Hill radius of the giant planet. The bold dashed line describes the position of the centrifugal radius. From this plot it is immediately apparent that the irregulars (presumed to be captured objects) for the three inner giant planets are far from the location of the centrifugal radius. We expect that this observation means that the gas disk which gave rise to the regular satellite systems extended well outside this radius (,-, RH/5 for Jupiter and Saturn). Jupiter and Saturn have regular satellites which are far outside the centrifugal radius, with Saturn's Iapetus being much further out than Jupiter's Callisto. These two planets also have satellites just inside (Saturn also just outside) the centrifugal radius. By contrast, one has to go much deeper in (--, Rn/lO0) to find any regular Uranian satellites. For this planet we expect that the location of irregulars closer to centrifugal radius is related to the absence of a regular satellite outside of this radius.
We add the satellite system of Neptune for the sake of completeness; however, Goldreich et al. (1989) showed that retrograde Triton is likely to be a captured object. Since these authors estimate a collision probability near one between 5Rjv and the centrifugal radius ,-, 100RN, Triton's capture would have broken up or scattered any pre-existing satellites in this region. Nereid's high eccentricity and inclination, and large semi-major axis are best understood in terms of this process. Hence we will not discuss this system any further.
We provide data on both regular and irregular satellites for all four giant planets in Table I .
'
" 3 THEGIANT PLANET SUBNEBULA
The Giant Planet Subnebula
The "minimum" mass subnebula we use here is one of solar nebula composition that provides just enough mass to form the observed satellite systems with the observed rock/ice mass ratio. Given Jupiter's relative enrichment in heavy elements with respect to the solar nebula, the "minimum" mass subnebula is not a firm lower bound. On the other hand, inefficiencies in the satellite formation process and depletion of solids due to planetesimal formation mean that it is not a firm upper bound either. Still it remains a useful reference and we have chosen it for the sake of specificity.
As we will see, it is possible that a minimum mass subnebula (unlike the minimum mass solar nebula) does in fact apply. If anything, we expect that the concentration of solids will turn out to be larger than solar proportion.
Here and in paper 1I we will be guided by solar proportion, but we will also consider solid enhancement factors of 3 -4 in rough agreement with giant planet high-Z enhancement.
Gas flowing into the Hill sphere forms a high optical depth gas disk around the protoplanet.
We (Lunine and Stevenson 1982) . Well outside the centrifugal radius gas surface densities are in the range 102 -103 g cm -2, which results in a low vertical optical depth in the range rv _ 0.01 -0.1. As we shall see, this transition from high optical depth to low optical depth has important consequences when it comes to the temperature profile, the turbulence properties of the subnebula, as well as for the process of satellite formation itself.
While grains increase the opacity so long as grain sizes are in the order of the infrared wavelength, we expect that coagulation will quickly lead to larger grain sizes (Weidenschilling and Cuzzi 1993) . In the subnebula we expect that the dust density is determined by a balance between the collisional dust production rate and the removal rate by drift, coagulation, accretion and the like.
In such an equilibrium state it may be appropriate to assume a power law size distribution. If we take this distribution to behave like r_,-3 (as may result in a collisional situation where erosion replenishes small particles) and use rp = 103 cm as the upper size cut-off, we find that the mass in particles smaller than #m is _ 10 -7 of the total mass in the disk. Using _ = (4/3)psrprd_,_, where rdu,_ is the micron-sized dust optical depth, we find that for disk surface densities E_ < 103 g cm -_ we have ra_,t < 1 (where a grain density of p,, = 1.0 g cm -3 has been used). As a result, the dust optical depth is likely to drop below 1 once the satellites have accreted (in a starved disk, where the disk surface density is always small, the dust optical depth may always be < 1).
However, the possibility that close to the planet hypervelocity collisions lead to large dust production and dust optical depth > 1 cannot be ruled out. We return to this issue in Paper II.
For now we simply consider the gaseous opacity alone. Lunine and Stevenson (1982) ; however, unlike that work, which formed all the Galilean satellites out of a dense subnebula, inourmodel the high-optical depth subnebulaextends only out to _ 25R j, which does not encompass Callisto's radial location.
It should also be noted that the inner disk is not isothermal in the vertical direction.
We expect that the temperature at the midplane is several times the temperature at the disk surfaces.
Therefore, the above temperature represents a vertically averaged quantity. In the outer disk the temperature can be as low as the solar nebula temperature at the location of Jupiter -,_ 130 K. For times ,-_ 107 years, after accretion, once the planet has had a chance to cool, the temperature in the disk is constant and equal to the background temperature.
There are three mechanisms that can lead to the presence of an extended gas disk. has already accreted most of its mass. In any case, it is clear that the relevant size of the annulus A has to be large compared to the Roche-lobe of the planet in order to lower the mass rate accreted onto the planet. Using A _ 0.2aa (which is about three times larger than the Hill radius for Jupiter), we obtain rg,, n -,, 380P, where P is the period of Jupiter's orbit. This estimate is similar to the numerical value *'g,,r, " 320 P ,-, 4 x 10 _ years given by Bryden et al. (1999) .
It must be stressed that in the context of the satellites we are more interested in halting inward migration than we are in ending accretion. We expect accretion of the large, regular satellites to end when the disk has been depleted of condensables, or when an outer satellite limits the inner sateltite's supply of inward drifting satellitesimals (see Section 4). This differs from the solar nebula context where a minimum mass model may not apply (Lissauer and Stewart 1993) . It is possible, however, that gap-opening also plays a role in regulating the growth of satellites.
To obtain an estimate for the total mass left in the circumjovian disk after gap opening we use Mdisk "" Md'rgap/'racc "_ 100 Moattisto, where 7"acc _ 106 years is the timescale for the accretion of gas onto Jupiter. This estimate is meant to indicate that faster planetary accretion may lead to a larger outer disk mass. Using a mass ratio of gas to solids of ,,_ 100 (Pollack et al. 1994) , we obtain a mass of solids _ MOallisto. for the size of the outer disk (we choose the same fraction for Saturn, which corresponds to a larger distance ,,_ 200Rs).
We justify this choice by noting that the inner irregular Jovian satellites are located at 160/{j just outside this distance.
That is, we tie the position of the outer disk to the location of the inner irregular satellites. Too much gas beyond this point would have resulted in the inward drag of these objects. In our model, gas drag explains the absence of irregular satellites closer in to Jupiter (in the case of Saturn a similar argument can be made for Phoebe at 215Rs). We expect that the same overall process that led to capture of the irregular satellites also yielded the bulk of the mass that ended up in the satellite systems.
That is, prior to hydrodynamical collapse Jupiter's envelope extended out to _ 300Rj and led to the capture of irregulars inside of this radius (Pollack et al. 1979) . After hydrodynamical collapse a disk was left behind that dragged in all the solids left in orbits < 150Rj. Even if a different method were employed to capture at least some of the irregular satellites, we stress that their locations imply a relatively sharp cut off in the gas distribution of the outer disk. This is difficult to reconcile with a viscous medium. We attribute this observation to the low viscosity of the gas in the optically thin, outer disk. Such a scenario would also invalidate the spin out results. Yet, our simple scaling formula for the mass of the outer disk shows that shorter planetary accretion times correspond to larger outer disk masses. It is worth noting that whether due to the Sun's torque on the infalling gas or the spin out of the protoplanetary envelope an extended disk will result.
Since it seems likely that the opacity of the planetary envelope will decrease sharply as a result of the processes mentioned above, we favor a model that does not rely on the spin-out of the gaseous envelope. So far we have described a circumplanetary disk (or subnebula) with an optically thick (even when grains are excluded)
inner region inside of the centrifugal radius, and an optically thin outer region outside of the centrifugal radius and extending to a significant fraction of the Roche lobe.
To characterize the transition region between the inner and outer disks let us first assume that planetary accretion drives subnebula turbulence.
If we choose a timescale for gas evolution in the presence of accretion driven turbulent viscosity to be the gap opening time to ,-, 1000 years and we use a lengthscale on the order of the centrifugal radius Ro ,_ rc ,,, 15R j, we get v = 1_/to _ 10 II -1012 cm 2 s-1. This gives ot ,-, 10 -4 -10 -3, consistent with the scenario of Klahr and Bodenheimer (2001) . This leads us to expect that following planetary accretion the location of the gas density drop-off will be outside but close to the location of the centrifugal radius.
Unfortunately, the size of the transition region is unknown.
However, it must be larger than the scale-height to avoid becoming Rayleigh unstable (Lin and Papaloizou 1993) . This sets our choice for the maximum surface density gradient in the transition region. height at the centrifugal radius of the primary. This choice ensures that the gradient in gas density is not so steep as to lead to a Rayleigh-Taylor instability (e.g., Lin and Papaloizou 1993) . Our density profile is given by I's°,,(P_,,/,),
r>r2.
( 3) where the relevant parameters for our various model choices are presented in Table II . For Jupiter, the mass of Callisto is distributed in the outer disk. For Saturn, we do not spread the mass of Titan out to lapetus as is done in the SMM model. Rather, we expect that most of the mass of Titan came from the inner disk which extends roughly out to the position of Hyperion.
It should be noted that in our model the size of the inner disk of Saturn and Jupiter scale with the size of the planet's Hill radius, which leads to a more extended inner disk for Saturn. The surface density of Saturn's disk is smaller both because there is less mass in the satellite system and also because the mass is more spread out. We have plotted two curves for our Saturn model which differ mostly in the treatment of the outer disk. The solid curve corresponds to a model where we keep a constant mass ratio of 3.7 for the masses of the outer and inner disks of Jupiter with respect to the outer and inner disks of Saturn. Lunine and Stevenson (1982) , which extended an adiabat from the planet to form a subnebula with several times more mass in solids than is present in Jupiter's satellite system. In Figure 3 , we plot the temperature profile of the disks J 4 GALILEAN SATELLITE ACCRETION AND EVOLUTION of Jupiter and Saturn as a function of radial location. As one would expect, Saturn' disk has less variation in temperature. It bears remembering that this is the mean temperature distribution immediately following planetary accretion. Jupiter's cooling timescale is _ 10 r years and Saturn's is ,--106 years (Pollack et al. 1976 ). Saturn's temperature profile will be described more fully in Section 6. For our optically thick disk where the temperature profile is determined by viscous dissipation we have
where asB is the Stefan-Boltzmann constant, T is the photospheric temperature, and To is the nebula background temperature. In Figure 4 we use the density profile of Figure 2 , the temperature profile of Figure 3 , the above equation, and the equation t ,,, r2/_ , to plot the viscosity, the diffusion time, and the turbulence coefficient _ = _,f2/c 2, where c is the speed of sound, as a function of position in the disk for Jupiter and Saturn (the lapetus model was used for Saturn, see Section 6). It is clear that our temperature profile corresponds to the case of weak turbulence, with long evolution times. A viscosity bump is seen in the Jupiter curve but not the Saturn curve due to the difference in the temperature profiles in the transition region.
In the case of Jupiter, this transition is significantly hotter than the background temperature (see Figure 3 ). Hence, the sharp drop in density leads to larger viscosity values as given by Eq.
(4). On the other hand, Saturn's transition region has a temperature essentially equal to the background temperature, and so no viscosity bump is observed. Because the temperature profiles are set by assuming accretion temperatures for Ganymede and Titan, and are subject to significant modeling uncertainty, it is presently unclear how significant this viscosity bump is, or its effect on satellite accretion.
It is interesting to note that the diffusion time of the inner disk increases with distance.
As a result, the inner disk density profile (see Figure 2 ) will tend to flatten with time. Though some turbulence models may allow for the possibility of surface density profiles that increase with distance (Bell et al. 1997) , more work will have to be done before it is understood whether that is a realistic possibility in the present context. Though our chosen temperature profile indicates that the satellite itself is in a hotter region of the disk, this may not pose a problem.
Since the dynamical time is likely to be considerably faster than the timescale at which particles of size ,-, 50 m (the size at which particles decouple from the thick Jovian gas disk) melt and/or vaporize, a satellite at the Jovian midplane may still accrete water.
Galilean Satellite Accretion and Evolution
In analogy to gas-free planetary accretion we begin the problem of satellite accretion by calculating characteristic sizes of sateilitesimals and satellite embryos for our disk parameters assuming a satellitesimal density of Ps = 1.5 gcm -a.
Though our problem differs markedly from one in which the satellites are accreted in the absence of gas, we will show later that the characteristic sizes one obtains in the presence of gas are roughly consistent with the ones we give below, which are meant only as a loose indication of typical object sizes.
The characteristic length scale and mass scales over which the disk's self-gravity dominates shear is approximately
where 11 = (ml/Tr_s) 1/2 and rn = a(ml/JMj) 1/3 is the Hill radius of a satellitesimal of mass rnt (e.g. Ward 1996). Using a surface density of solids of ]Es ,--, 5 × 103 g cm -2 for the inner disk of radius ,-, 15R j, we obtain rn_ ,-,-1.6 × 10 lr g, which corresponds to a satellitesimal radius of _ 3 km and ll ,--, 32 km. The second characteristic mass and radial scale, !¢ = m2/(47raEs), is the distance over which Keplerian shear can force close encounters among satellitesimals 12 = rH. This gives m2 = 81rEsa2(pa/3) 1/2, where #a = 7rE,a_/MJ.
Using the same surface density as before, we get rn2 ,-, 7.6 x I0_4 g, which corresponds
to an embryo radius of,-, 1100 km and Is ,_ 1.2 x 104 km.
Assuming satellite formation is controlled by binary accretion of satellitesimals we can write the timescale for accretion as (Safronov 1969; Lissauer and Stewart 1993; Ward 1993) 
where F 9 is the gravitational focusing factor. In the context of planetary accretion this focusing factor can be quite large during runaway growth. For satellites, however, the Hill radius rn is never much larger than the physical radius r,. An upper limit to the enhancement factor can be obtained (e.g., Weiden-
Then we can use Eq. (5) to obtain
Given surface density of solids of IE, --, 103 g cm -2, this formula predicts a timescale of formation of _ 100 years for a Gaiilean-sized satellite. This, however, assumes that all the solids in the disk at any one time are in the form of satellitesimals. Let us assume for the sake of discussion that at some time early on all the solids in the inner disk are in satellitesimals of characteristic size --, 1 kin. In that case, the time for drag to completely clear the inner disk of solids (see Eq. 9) would be a few years! Therefore, it is unlikely that the binary accretion timescale controls the process of satellite formation unless most of the mass resides in large satellitesimals.
In the inner disk we expect turbulence (albeit weak) to be present during satellite accretion. Hence it may not be a valid assumption to start with a disk of satellitesimals.
Instead we form satellites first by the sweep up of dust and rubble, followed by the accretion of inwardly migrating satellitesimals once a significant fraction of the solids in the disk have aggregated to satellitesimal sized objects. 
10'
10_ 10 _ 10 _ 10' time (years) Figure  5 : (a) Orbital decay times of satellitesimals of various sizes due to gas drag and gas tidal torque at 15Rj. The gas surface density for our models is indicated in the plot for this radial location.
The decay times of smaller objects is dominated by gas drag, while larger objects are controlled by gas tidal torque with the transition between 500-1000 km.
(b) Orbital decay times of satellitesimals of various sizes due to gas drag and gas tidal torque at 50Rj.
In Figure 5 , we calculate the orbital decay timescales due to gas drag and tidal torque of a proto-satellite at 15Rj (a) and 50Rj (b) for a range of gas densities. Because the gas is partly supported by gas pressure, its orbital velocity va,,, is slightly lowered with respect to the Keplerian circular velocity VK. An 
Using Equations (9) and (1 I In Figure 5a , we show the orbital decay timescale for an object located at 15Rj for a range of gas densities appropriate to the inner disk (_,, = 104 -108 g cm-Z). The decay times due to gas drag are typically shorter than those due to torque, however for the larger objects, the torque begins to dominate their evolution.
In the inner disk the transition takes place for objects of size _ 1000 km. Similarly in Figure 5b , we show the orbital decay of an object starting at 50Rj where the gas density is much lower (_ = 10-1000 g cm-2). From this figure, it is clear that survival of a satellite in a gaseous medium (where most of the mass and angular momentum resides in the gas component) is an issue that needs to be addressed for objects of all sizes. Lengthening the satellite formation timescale in order to accommodate a partially differentiated Callisto makes this issue even more of a concern (see Section 5 Given the short orbital decay times, we need to ask whether any solids present in the subnebula would survive long enough to make satellites.
We argue here that the timescale for Galilean satellite formation is ,-, 103 years, sufficiently short to survive inward migration. What happened after the satellite grew to its full size is discussed in Paper II.
We start by assuming the formation of satellitesimals as We expect accretion to take place under weak turbulence (a -,, 10 -6 -10 -5) which corresponds to turbulent viscosity u ,_ 10 l°cm 2 s -_ (see Notice also that dust of size 1 cm will diffuse a distance d _ (tv/Sc) 1/2 _ OARs in a time t = 27ra/Av due to gas turbulence. Since this is much larger than _ 1000 km, the embryo will not clear its lane.
This timescale is likely to overestimate the time it would take to form such a satellite embryo for three reasons. First, dust will coagulate and settle to the midplane, thus lowering the sweep up time (as it settles it will migrate and grow). Second, the turbulence itself may die down further for optically thin disks (though the timescale for this to happen may be longer than the satellite accretion timescale). Third, an embryo will also grow due to capture of inwardly migrating satellitesimals.
The process of dust coagulation is complicated, and we will not address it at this time.
Thus, satellite embryos can be made sufficiently quickly to survive inward migration due to gas drag. It is important to notice that sweep-up and gas drag are both proportional to the object's radius. As a result, sweep up growth is sufficiently fast for embryos of all sizes to survive. On the other hand, it is possible that global turbulence persists long enough for some satellite embryos to be lost due to inward migration. At any rate, inward migration of satellite embryos appears very likely. This would not be a serious problem since most of the mass would then still be contained in the puffed-up dust and rubble disk. The issue becomes how to prevent mass loss in growing embryo-sized objects to satellite-sized objects.
As we noted before, for objects larger than 1000 km, migration due to gas torque becomes dominant over migration due to gas drag. Since the orbital decay time due to torque of a Galilean-sized object is again about 103 years, one might he tempted to simply continue sweeping up dust and rubble. However, so far we have assumed a large reservoir of dust and rubble such that the surface density to be swept did not change as the embryo grew. Clearly, as the surface density of dust and rubble decreases so will the efficiency of this process. In any event, coagulation of dust and possibly the decay of gas turbulence make it likely that embryos grew to satellite size by accretion of satellitesimals.
We first define the feeding zone of a satellite embryo.
During closest approach, a satellite embryo will pump the eccentricity of a previously circular satellitesimal by the amount e = 2.24(ras/Mj)(a/st) 2 (Julian and Toomre 1966), where rn_ is the mass of the embryo and st is the separation between the two objects. Crossing orbits will result if st = ae. Using this condition we obtain st = a(2.24m_/MJ) 1/_ for the size of the embryo's feeding zone. (i.e. we take the feeding zone to be _ 2rtt; this is slightly more conservative than the value for the feeding zone 2v_rH one obtains using Jacobi's constant and asking that the separation between the two bodies be such that they never experience close approaches).
One can now define an embryo size such that most satellitesimals dragging into its feeding zone will be accreted. Suppose we take a sateliitesimal of mass mr, which corresponds to a radius ,-, 3 km.
Such a satellitesimal has a very fast evolution timescale of,--8 years. We calculate the drag distance l,_ = (vu27ra/312) 1/2 (with va = a/_'9a_) such that 21,i is the distance a satellitesimal will drag after one synodic period of two objects a distance la SATELLITE ACCRETION AND EVOLUTION from each other. Then using the condition st = la we calculate an embryo mass ma _ 2.2 x 10 _5 g, which corresponds to an object size --, 1500 km, and a feeding size of sl ,-_ 32000 km.
The time it took for the satellitesimal to cross this feeding zone (assuming that satellitesimal growth can be ignored; i.e. the embryo has cleared its feeding zone) was _ 0.22 years (the synodic time of two objects separated by ,-_ 32000 km at 15R j). If we increase the concentration of solids by a factor of 4 then the embryo size becomes 760 km (the smaller embryo size results from the longer satellitesimal orbital decay times in a disk with 4 times less gas). Hence once an embryo has reached a size _ 1000 km its growth rate is controlled by the inward drift time of the characteristic size of the satellitesimals it accretes. If it mostly accretes kilometer sized sateUitesimals the time between the embryo stage to full satellite is tens of years. On the other end, if most of its mass comes from the accretion of other embryos then the upper limit on the satellite accretion timescale is 104 years.
There are two mechanisms that limit the efficiency of drift augmented accretion. First, resonant capture may prevent satellitesimals from reaching the embryo. This, however, may not be an issue for the inner disk (or for the outer disk, though for a different reason; see Section 5). The embryo is not massive enough to prevent the orbital decay of kilometer sized objects given the gas surface densities of the inner disk (but see Section 6.2 where we discuss the resonant capture of Hyperion by proto-Titan, and the absence of a corresponding object for Ganymede). Second, the drifting satellitesimal may "horseshoe" around the embryo and avoid being captured by it. Kary et al. (1993) give impact probabilities for various mass ratios of the secondary to the primary as a function of the secondary's physical radius divided by its Hill radius. For a 1500 km embryo with density ps = 1.5 g cm -3 this ratio is rs/rn _ 0.1. As the embryo grows to satellite size the ratio will decrease slightly (due to the slight increase in its density).
On the other hand, its feeding zone will increase and it will get more chances to capture any given satellitesimal. Hence we expect that the capture efficiency will improve slightly as the embryo grows (though for sufficiently large embryo masses, such that the gas flow around the secondary is changed significantly or a gap is opened, the efficiency may again decrease).
Given the criterion used to calculate the embryo size, we are in the gas regime of significant impact probability. Then from Kary etal. (1993) (their Figure 9 ) we see that the impact probability for the case such that r,/rH = 0.1 is between 0.6 and 0.85 (in the limit that gas drag effectively damps eccentricities and inclinations of the feeder population). This impact probability is high enough that a minimum subnebula model may apply to the accretion of satellites (by contrast, giant planet cores have much smaller ratios of the physical size to their Hill radius, and are therefore unable to efficiently capture inwardly drifting planetesimals). This is a significant result. It says that ,_ 1000 km satellite embryos are effective barriers, and will capture most inwardly migrating satellitesimals, thus limiting the amount of material that is allowed to spiral into the planet or inner embryos.
As we will see in Paper II, we expect that satellites of a sufficient size produce a feedback reaction on the gas disk which stalls their inward migration. An even larger satellite may open a gap in the subnebula. While satellite embryos may have migrated as they grew to a size of 1000 km, once they reached this size continued growth might have been fast enough to avoid further inwards migration.
The locations of
Ganymede and Titan, just inside the centrifugal radii for Jupiter and Saturn, tend to make us think that these two satellites grew sufficiently fast to avoid significant inward migration (because of its slower accretion, Titan may have migrated more than Ganymede despite Saturn's lower gas density). In general though, satellites are likely to have drifted significantly before the feedback reaction of the torque was large enough to stall their inwards migration. In Paper I1 we use this to explain the mass to distance relation of the Saturnian and Uranian satellite systems.
In order to obtain an embryo size that becomes an effective barrier for inwardly drifting satellitesimals a typical satellitesimal mass rn_ was used. We now attempt to provide further justification for this choice. As we mentioned before, one expects the dust and rubble scale-height eventually to decrease due to the effects of coagulation and turbulence decay. We consider a case such that the coagulation of dust produces particles that decouple from the gas in a timescale shorter than 103 years. First we find the characteristic particle size that will decouple from the gas. Given our nebulaparameters and using the condition Dts ,--, 1, we obtain a particle size _ 50 m in the region between 15 -20Rj. This particle settles to the midplane and drifts in due to gas drag. As it does, it grows by sweep up of smaller particles. Assuming a self-similar power law distribution as in Weidenschiiling (1997), we use particles of size _ 10 m as the feeder population where most of the mass resides. We calculate the scale-height for these particles under strongly turbulent conditions (or ,-., 10 -4 -10 -3) using equation (13) and obtain H t, ,-,, 0.04H (head-wind decreases for lip < 0.01H such that the particle layer density _p > Pg).
For weak turbulence (a = 10 -6 -10 -s) the scale-height for the same feeder particle would be an order of magnitude smaller.
We can now calculate the time it takes for a 50 m particle at 20Rj to evolve to 15Rj and the size it will grow to by the time it gets there. The size of the satellitesimal is given by solving We can decouple these equations by letting rp = g_/(da/dt) and plugging this into (16). For the inner disk, the temperature varies like1/r (which implies gl,g2 o¢ a -a/z) so that the position of the sateilitesimal as a function of time is given by
Assuming that B is constant then A is constant and we can solve this equation exactly to give the particle velocity as a function of time
where vo is the initial velocity of a satellitesimal of initial size rpo. We can now integrate this equation for our subnebula model to give an equation for time as a function of position deplete inner portions of the disk (the extreme case of which might be Saturn's system which has little mass inside of Titan). Second, the scenario discussed above leads one to the view that satellites grew by accreting material outside of their own orbit delivered to them by gas drag. Such a model can be used to explain not just why Io and Europa are water deprived, but also why Europa would turn out smaller than Io. Since the feeding zones of the satellites grow with distance as their Hill radius increases and Europa accreted some water one might expect the reverse to be the case. In our model the growth of a satellite depends on the growth of its outer neighbor.
As a result, one would expect a large satellite to be preceded by a small one. That is, we believe Ganymede probably prevented Europa from growing to Io size. In such a model it may not be surprising to find that the object with the most mass accretes close to the centrifugal radius (note that this is also true for Saturn's satellite system).
Outside this radius the gas density decrease may lead to smaller satellites. Inside of this radius the growth of the satellite may be limited by the growth of its outer neighbor.
to -Ivol (A -1) -1
and finally the growth of the satellitesimal as a function of time
We find that for the case of strong turbulence a 50 m particle will take to _ 0.2 years to drift between 20Rj and 15Ra and it will grow to a size of ,-, 1 km, which may be a bit small to be efficiently accreted by an embryo. However, for the case of weak turbulence, growth occurs much more quickly. In this case, the same particle grows to a size of _ 10 km in these studies do not take into account the effects of gas drag.
We have shown that gas drag will play a major role in shaping the properties of the Galilean satellites. First, gas drag might
Slow Formation of Callisto
Our model has Callisto forming from an extended, low optical depth gas disk. Since the disk will quickly become isothermal once grain coagulation leads to optical depth much less than unity, we expect this gas disk to be largely quiescent with very low gas viscosity. This means that the dust and rubble layer will quickly settle down to the midplane within a scale-height much smaller than the gas scale-height.
The size of the dust and rubble layer is determined by local shear turbulence close to the midplane (Cuzzi et al. 1993 ).
First we calculate characteristic masses and lengths in analogy to the planetary accretion problem (e.g. Ward 1996) for the case in which the outer disk contains _ Moatlisto of solids. At ,-, 50Rj with _ _ 53 gcm -2 and pa = 1.5 g cm -s, we obtain ml ,-, 2.9 x 1014 g, which corresponds to a satellitesimal radius of _ 0.36 km and 11 _ 13 kin. The embryo size is ra2 -,_ 3.3 x 1023 g, which corresponds to a embryo radius of ,-, 370 km and 12 ,,, 1.4 x 104 kin.
If we perform the same calculations further out at --, 100Rj
with _ _ 26 g cm -2, we obtain rnl _ 2.3 × 1015 g which corresponds to a satellitesimal radius of --, 0.72 km and !1 --_ 53 km. The embryo size is m2 ,-, 9.2 x 102a g which corresponds to a embryo radius of ,,_ 530 km and 12 --, 3.9 x 104 km. These characteristic masses are about an order of magnitude smaller than the masses we obtained at 15R._ for m2 and two orders of magnitude smaller for ml.
Given the low scale-height of the particle layer similar size embryos form quickly. Hence in this case it may not be a bad assumption to consider growth timescales in a case such that the solids in the disk are in the form of satellitesimals.
For the outer disk the Safronov accretion time is given by:
Using a density of solids in the outer disk E, --, 10 g cm -2
and enhancement factor F a ,_ O(1), this formula predicts that an embryo with p, = 1.5 g cm-a and size _ 500 km would be formed in ,--, 106 years at 150Rj.
Several factors can alter this growth timescale. Larger values of the enhancement factor can speed up the growth of large objects in the outer disk.
However, even though the Hill radius of an embryo is much larger than its physical radius, the low density of embryos leads to infrequent collisions and velocity dispersions comparable to the escape velocity of the embryos (see Appendix A). As a result, the focusing factor is unlikely to be much larger than we conclude that embryos with sizes < 500 km may be formed in a timescale of _ 106 years at ,-_ 100Rj.
To find the characteristic sizes of outer disk embryos in the presence of gas drag we turn to drift augmented accretion.
In the absence of global turbulence, we make the assumption that local turbulence due to the gas-dust shear layer close to the subnebula midplane will adjust itself to maintain rough parity such that _p _ P9 (Cuzzi et al. 1993) .
This approximate relation can be used to estimate Hp. Alternatively, we can write
where CT ,_ 0.01 is a constant (Cuzzi et ai. 1993) . The scale height is Hp ,_ 0.01H for particle of size ,-_ 10 cm. As we did in the case of Ganymede, we now calculate the sweep up time for a particle with radius rp. We find r,_,,p -_ 5.5(rp/1 km) years at 50Rj and r,_o,_, ,_ 22(rp/1 km) years at 100Rj.
These growth timescales are~50 times faster than the drift times in the presence of gas drag and gas tidal torque for any given object size (see Figure 5b ).
The above sweep up times do assume that the dust and rubble surface density stays constant. Once the sweep up growth slows down due to dust and rubble depletion, continued embryo growth will depend on the drift augmented accretion of satellitesimals.
As we did for the inner disk, we now ask what size embryo stands a significant chance of capturing satellitesimals of characteristic size mz drifting into its feeding zone. We choose the criterion st = la as we did before, and find the characteristic quantities m,t ---2 x 1024 g, which corresponds to an embryo size of 690 km (for Ps = 1.5 g cm-a), and st -._ 4.8 x 104 km at 50Rj. At 100Ra we get ma _ 1.2 x 1024 g, corresponding to a radius of 580 km, and st ,-, 8 x 104 km. A wrinkle results from the small scaleheight and long drag times inherent in this problem. If we calculate how long it took satellitesimal rnz to cross a distance ld we find ta ,'.-, 3 years at 50Rj and td "_ 10 years at 100Rj.
This timescaie is sufficiently long to allow some satellitesimal growth during the time it takes to cross the embryo's feeding zone. Taking this effect into account the corrected embryo sizes turn out to be slightly smaller 590 km at 50Rj and 540 km at 100Rj.
The first thing to notice is that the smaller embryo mass now corresponds to the larger semi-major axis. This is because the larger value for rut at 100Ra led to longer timescales to cross the feeding zone, thus requiring a smaller embryo size to satisfy our capture condition. Even though the smaller embryo size now occurs further out, the decrease in size is not sufficient to compensate for the decrease in gas surface density.
The result is that inner embryos will drag in first and drift augmented growth will stop (the small scale-height means that all the dust and rubble will quickly become depleted we obtain md _ 1.4 x 102a g, which corresponds to a size of 280 km at 100Ra.
As before, we need to address the issue of the capture efficiency.
For the outer disk, the gas density is too low and the mass of the satellitesimals too high to avoid being captured into resonances if initially placed in low eccentricity orbits.
However, proto-Callisto may not have captured objects into resonance because the typical (for embryo sizes in the range 100 -500 km) embryo eccentricities near Callisto's orbital location are given by e _ 0.02 -0.07, where we have assumed that the random velocities are on the same order as their escape velocities (Appendix A). These eccentricities are similar or larger than the critical eccentricity for which capture probability sharply drops off ecri_ '_" r/_ 0.03 (Malhotra 1993 ).
Hence, for low gas surface densities typical satellitesimal eccentricities may again lead to low probability of resonance capture.
We have already pointed out that in the inner disk the gas drag may be too strong for resonant capture of a satellitesimal by an embryo. It is possible this leaves the transition region as the only place where resonant capture probability is significant (see Section 6.2).
Having established that resonant capture is unlikely to take place, we ask what fraction of the population of objects that driftintoCallisto's feeding zone willbeaccreted byit. In thecase ofCallisto, thesynodic timescale is much shorter than thedrifttime across thefeeding zone ofthepopulation offeeders. Inthisweak gas regime, theaccretion efficiency is limited bytheinclinations of thedrifting satellitesimals. Figure   12 ) to estimate the accretion probability at 0.7 -0.8. Hence
Callisto will capture most of the satellitesimals that drift into its feeding zone (this argument also applies to proto-Callisto nearly unchanged).
We can now calculate the time it takes to accrete Callisto by the time it takes gas drag to clear the outer disk of such embryos. Such a calculation yields an accretion timescale for Callisto of 105 -106 years. This is calculated under the conservative condition that the gas density in the outer disk does not decrease over time. Since we expect that the assumed concentration of solids in the disk is if anything somewhat lower than the actual concentration (see Paper II), which would lead to longer accretion timescales. For instance, a concentration factor of 4 would lead to embryo sizes -,_ 300 km, which would take 2 x 106 years to drift in from 150Rj to Callisto's radial location (this timescale was obtained by integrating Eq.
[17] with Ps = 1.5 g cm-a).
We give ,_ 106 years as the clearingtime for the outer disk. Since this timescale is significantly shorter than the gas dissipation timescale (taken to be 10 r years), no embryos would be stranded outside of Callisto.
The upshot is that Callisto's accretion timescale differs significantly from that of Ganymede because Callisto must draw materials from much further out _ 150Rj (compared to 23Rj for Ganymede).
To complete its accretion it must contend with the drag times of embryos.
Since the gas density is much lower in the outer disk, the distances larger, and the dynamical times longer, the resulting accretion timescale for Callisto accretion will be much longer (,-_ 106 years) than it was for Ganymede (,-, 103 -104 years). It also possible that particulate matter coupled to gas flowing through the gap after gap-opening lengthens Callisto's accretion timescale but not that of Ganymede.
The reason for this is that once Jupiter accretes most of its mass the specific angular momentum of gas flowing into its Roche-lobe is high enough to take this gas into radial locations outside the centrifugal radius.
Proper accounting of the angular momentum budget of this gas component needs to include the torque of the Sun on the gas flowing into Jupiter. Given that a satellite collects most of the material outside its own orbit, Callisto is more likely to derive solids from this component than Ganymede.
However, since at these late times most of the mass is likely to be in the form of planetesimals (Weidenschilling 1997) it is unclear whether this component can contribute a significant fraction of Callisto's mass. Yet another possible difference between the two satellites is that while Callisto is likely to have accreted homogeneously the same may not be true for Ganymede. The reason for this is that in the case of Callisto the satellite for-mation time is considerably longer than the disk cooling time at its location, whereas for Ganymede the two timescales are comparable. This difference could have played a significant role in the final structure of the two satellites.
The question arises whether even a million year accretion timescale is slow enough for the heat that gets buried as a result of the impacts with such large objects to be removed in time to avoid deep melting and runaway differentiation.
More work will need to be camed out to check into this possibility.
Here we simply point out a few factors that need to be taken into consideration.
First, our impacts take place at the escape velocity of proto-Callisto. Such an accretion model can also account for the preferential retention of ices more volatile than water in Callisto compared to Ganymede, and for the large angular momentum stored in Callisto, which is only a small fraction of the angular momentum that was initially present in the extended disk of solids out of which it was accreted. Furthermore, our accretion model makes Callisto in regions of the gas disk that are not connected with high-optical depth regions where the temperature and density might have led to the production of reduced ices such as methane and ammonia.
As a result, we would expect that Callisto is made of solar nebula composition, which contains mostly oxidized ices (though methane is present in many solar system objects).
It is natural to ask how sensitive are these calculations to the size of the disk. It turns out that the characteristic size of the embryos does not change much with disk size. This is because of the countering effects of the increase in Hill radius with semi-major axis and the decrease in surface density. A smaller disk size would yield similar embryo sizes which would take a slightly shorter time to evolve to Callisto. A larger disk can also be considered, but in that case one would need to explain why the irregular satellites were not dragged into the planet.
SATURN'S REGULAR SATELLITE SYSTEM Saturn's Regular Satellite System
In order to apply our model to Saturn we first need to constrain the nebula parameters for Saturn as we did for Jupiter. First, we note that the ratio of the reconstituted The resulting disk mass ratio is likely to be substantially less than the 3.7 we are using for the inner disk. However, this calculation is substantially uncertain. For one, it is unclear if the concept of gap-opening applies to Saturn at all. As a result, we will use two models. The first model simply assumes the same mass ratio to the Jovian system. The second model puts just enough mass between 6ORs and 200Rs to make lapetus (since Iapetus is made of ice the minimum mass model requires a subnebula of _ 200M_pet_). This is in rough agreement with a model that makes Saturn in 10 _ years. These two models are shown in Figure 2 .
We get a disk size of _ 22ORs by scaling the outer disk of Jupiter (,-_ I$0Rj) by the ratio of the Hill radii of Saturn and Jupiter. It is encouraging to note that Phoebe is located at 215Rj. This object has a retrograde orbit of high inclination and eccentricity, leaving little doubt that it was captured.
Therefore, we adjust the size of Saturn's outer disk slightly to 200Rs to fit in with the location of Phoebe.
As was the case with the irregular satellites of Jupiter, we use gas drag to explain the absence of captured objects inside the orbit of Phoebe (though a couple of small irregulars have been found just inside of Phoebe). This scenario fits well with the capture theory of Pollack et al. (1979) , in which Phoebe was captured as it passed through the envelope of proto-Saturn, and was left stranded by the subsequent collapse of the envelope.
To constrain the temperature of the Saturnian subnebula we simply assume that the accretion of methane ice explains the methane in Titan's atmosphere (Lewis 1972) . That sets a temperature of _ 100 K at 2ORs. Inside this location the subnebula is taken to be optically thick and the temperature to vary inversely with radius.
In Figure 3 , we have plotted the subnebula temperature as a function of distance in units of the planetary radius.
For times _ 106 years after accretion, the planet has had a chance to cool and we simply assume a constant temperature everywhere equal to the solar nebula temperature at the location of Saturn _ 90 K. Figure  6a : (a) Orbital decay times of satellitesimals of various sizes due to gas drag and gas tidal torque at 2ORs. The gas surface density for our models is indicated in the plot for this radial location. The decay times of smaller objects is dominated by gas drag, while larger objects are controlled by gas tidal torque with the transition between 500-1000 kin.
(b) Orbital decay times of satellitesimals of various sizes due to gas drag and gas tidal torque at 70Rj.
As we did before in the case of Jupiter, we calculate characteristic masses based on the planetary accretion model. In
Saturn's inner disk at ,--, 2ORs with _ -,., 900 g cm -_ and p_ = 1.5 g cm -a, we obtain m_ _ 2.9 x 10 _6 g which corresponds to a satellitesimal radius of _ 1.7 km and l_ _ 30 km.
SATURN'S REGULAR SATELLITE SYSTEM
The embryo size ism2 ,-_ 1.8 x 1024 g which corresponds to a embryo radius of _ 660 km and 12 _ 1.2 x 104 km.
In Figure 6a , we plot the orbital decay times at 2ORs as a function of the surface gas density for several particle sizes.
As one would expect, even for the same surface density these evolution times are generally longer than those we calculated for the case of Ganymede.
The reason for this is simply that the orbital period at Titan is longer than the orbital period at
Ganymede. If we add to this the fact that the surface density of Saturn is lower than that of Jupiter (See Figure 2) because Saturn's disk is 3.7 times less massive and also more spread out (Saturn's Hill radius is larger), we end up with evolution times in Saturn's disk that are generally about an order of magnitude longer than the corresponding evolution times in Jupiter's disk.
It is instructive to write the drag times at Saturn as Now we calculate the size of an embryo that will be effective at capturing satellitesimals of mass rnl drifting across its feeding zone. At Titan we find rna ,_ 3.5 x 1024, which corresponds to ,-, 820 km (compared to ,-, 1500 km at Ganymede), and a feeding zone of ia _ 2.9 x 104 km. It took an ml satellitesimal 0.6 years (compared to 0.22 years at Ganymede)
to cross the embryo's feeding zone For Hp = H, it will take 1.3 x 104 years to build an embryo of size ,-_ 820 km (compared with _ 2700 years at Ganymede to form an embryo of size _ 1500 km). Decreasing the gas density by a factor of 4 leads to an embryo size of _ 410 km (compared to 760 km for the same solid concentration factor for Ganymede). However, such small embryos may be vulnerable to breakup by hypervelocity impacts.
Given that the satellite formation time is the embryo accretion time plus the drift accretion time of embryos, we obtain a time of 104 -105 years for Titan (compared with 10 s -104 years for Ganymede).
Formation of lapetus
We see that making a 1000 km embryo would take ,-, 104Hp/H years at Titan, or about ten times longer than it took at Ganymede. Figure 2 ).
As has been done before we first calculate the characteristic masses (for the dashed curve in Figure 2 , lapetus model).
In Saturn's outer disk at _ 7ORs with E_ _ 1.3 g cm -2 and ps = 1 g cm -3 (which is the density of lapetus), we obtain ml _ 1.3 x 1011 g, which corresponds to a satellitesimal radius of _ 0.03 km and 11 '_ 1.8 km. The embryo size is m2 _ 3.7 x 1021 g, which corresponds to a embryo radius of ,-, 96 km and 12 ,-, 5.5 x 103 km.
At this location the size of an embryo that will capture a significant fraction of the satellitesimals of mass rnl that drift by is md', 1.6 X 10 _4 g, which corresponds to a radius of ,'_ 720 km and ld _ 7.8 X 104 km. As was the case with Callisto, however, the satellitesimal will grow due to rubble and dust sweep up as it crosses the embryo's feeding zone (assuming tSp _ Pg). Therefore, the above estimates need to be corrected to take into account that the drift times increase as the satellitesimal grows. Then we obtain md To complete the accretion of lapetus we need to accumulate several embryos. Since the timescale for drift of a 500 km embryo at Iapetus' location is 106 -l0 T years (see Figure 6b ), we take this value to be the formation timescale for Iapetus.
Formation of Hyperion
The origin of Hyperion in the 4:3 mean-motion resonance with
Titan presents a significant challenge. A tidal origin of resonance capture as may apply to Galilean satellites (Malhotra and Dermott 1990 ) seems unlikely to apply to the case of Titan and Hyperion. Given Titan's size and distance from Saturn, significant expansion of its orbit would require Saturn's dissipation parameter Q to be much lower than the lower limit set by the proximity of Mimas. Lee and Peale (2000) general satellite formation scenario. We note that these authors found gas drag to be necessary in order to induce satellitesimal orbital decay and capture into resonance.
It might appear that condition (c) is inconsistent with our model but we argue otherwise.
Particles from the outer, low density disk would start arriving well after Hyperion's accretion was already complete, and would be composed of a sparse population of rather sizeable objects (tens to hundreds of kilometers). Whether this can account for the Hyperion's irregular shape we defer for future study.
We now check to see whether proto-Titan may capture satellitesimals into resonance in the gas regime corresponding to its accretion.
The threshold mass such that proto-Titan can halt the inward migration of a satellitesimal in the vicinity of aj + 1 : j resonance is given by (Malhotra 1993 )
where Ms is the mass of the satellite, Mp is the mass of the planet, and C,_d = C'_d/(1 + Tile°) < 3.3 is a numerical constant. As in Malhotra (1993) , we make the assumption that in the strongly damped regime the quantity (1 + g/e*) is roughly constant with forced eccentricity e°_ r/. In terms of our model parameters, the threshold mass can be written as
which yields #TH -_ 3.5 x 10 -4 for a I km object for the 4:3 resonance with Titan located at Hyperion (24.5Rs), which is near the inner edge of the transition region. Given that Titan satisfies this condition it appears that Hyperion may indeed have been captured in the presence of gas drag. It is possible that Titan migrated inwards over its history. This would place the 4:3 resonance in regions of lower gas density, thus allowing for lower threshold masses. Allowing for a factor of 3 -4 less gas also makes it easier for proto-Titan to capture Hyperion into resonance.
Hence Hyperion could well be the result of the accretion of satellitesimals in resonance by proto-Titan as Lee and Peale (2000) have suggested.
For Jupiter we can write 2.3 x 10_s (Igc__m_3_ ( a _1/2 l--,,-S-(jYV) p, / × possible to argue in favor of increased solid concentrations, it remains a possibility that Ganymede accreted satellitesimals in resonance which were subsequently lost due to collisions or unstable orbits.
Formation of Satellites inside of Titan
The first thing to note about the satellites inside of Titan is that by mass they constitute only --, 3 % of the total mass of the satellite system. The second thing is that they have low densities (Tethys, Enceladus and Mimas have densities consistent with almost all ice, while Rhea is mostly ice [see Table I1 ]) with the sole exception of Dione (p, _ 1.5 g cm-a). The higher density for Dione may reflect a rockier composition or some endogenic process (as evidenced by the observed resurfacing on this satellite but not Rhea) such as cryovolcanism that can close "pores" and lead to larger bulk density. Other factors, such as under-dense ice and the effects of impacts may mar a straightforward interpretation of satellite densities based on composition alone. Nevertheless, it seems likely that as a group these satellites are mostly made of ice. It is also important to note that there is a large gap between the outermost satellite in this group (Rhea at 8.7Rs) and Titan (at 20Rs).
Lastly, and perhaps most importantly, all large Saturnian satellites (with the sole exception of lapetus) appear to he sorted according to size, with the smaller satellites further in. We consider this sequence to he significant.
We will return to this issue in Paper I1.
We expect that these satellites accreted in the presence of significantly less gas than did Titan (E ,-,, 104 g cm-2; see
Paper II) about 105 years after the end of Saturn's accretion, once the planet cooled enough for water condensation inside the orbit Rhea to take place.
Despite their small size, we estimate it took 104 -105 years to accrete these objects.
Uranian Satellite System
As we did in the case of Saturn, we begin our discussion of the satellite system of Uranus by noting that here, too, the ratio of masses of the atmospheric envelopes of the primary are roughly consistent with the ratio of masses of the satellite systems. Assuming Saturn to have a ,--, 15 Earth mass core and Uranus a smaller ,--, 10 Earth mass core, the mass ratio of the envelopes for the two planets is _ 18. While substantially uncertain, this value compares favorably with the mass ratio of the satellite systems of the two planets ,'_ 15. As before, it is more meaningful here to establish correspondences between satellites not in terms of planetary radii but in terms of the Hill radius of the planet (see Figure 1 ). Scaled by the Hill radius of the primary, the location of Oberon corresponds closely to the location of Rhea in Saturn's satellite system. Moreover, the size of Oberon (760 kin) is quite similar to the size of Rhea (764 km; though Oberon is denser). Furthermore, there is evidence in the Uranian system of sorting according to size as there is in the Saturnian system.
The main difference between the two families of objects is that Saturn's inner satellites are considerably less dense (presumably icier) than Uranus' regular satellites.
In fact, of the Uranian satellites only Miranda has a density (1.2 g cm -a) consistent with a object made mostly of ice. It is indeed remarkable that here, too, there is evidence of endogenic activity.
It has been suggested that the satellites of Uranus may have been the byproduct of the impact event that led to its present obliquity (e.g., Pollack et al. 1991) . However, such a process is unlikely to lead to a sufficiently extended particle disk to produce satellites as far as 22Rv (Canup and Ward 2000) . Furthermore, the evidence for systematic increases in density and size (see Figure 1 ) for these satellites is hard to reconcile with an impact origin. Instead, we choose to follow the same general outline to form the satellites of Uranus as we applied to the formation of the regular satellites of Saturn and
Jupiter.
A minimum mass model in which the gas disk extends out to the centrifugal radius of the planet at 57Rtr would set the average gas density at 1.4 x 104 g cm -2. This is quite close to the surface gas density at which the disk becomes optically thin (given gas opacity). In this case, the temperature gradient in the subnebula may not have been sufficiently strong to drive turbulence. So we would expect a cool, largely quiescent disk with gas surface density of --, 104 g cm -2 as the environment in which the Uranian satellites accreted. This is very similar to the environment we hypothesize led to the inner Saturnian moons (see also Paper II).
In the inner disk, we interpret the gap between the location of the centrifugal radius and the innermost satellite as suggestive of significant satellite migration.
In the outer disk, the presence of irregular satellites much closer to the centrifugal radius than is the case for the Jupiter and Saturn satellite systems indicates to us that the outer disk of Uranus did not have enough mass to lead to the formation of regular satellite outside of the centrifugal radius (see also Paper II).
Starved Disk Model
A scenario in which the giant planet satellites accrete from a disk produced through the direct infall of gas and solids from a heliocentric orbit has numerous issues to overcome before it can offer an alternative to the model presented here. We list and discuss a few of the outstanding ones, and we leave the development of such a model (if viable) for later work.
The main reason why such a model may be desirable is because it introduces a longer timescale for the formation of the satellites, namely one controlled by the infall of materials from the Roche-lobe. In particular, a "starved" disk might be used to capture Sun-orbiting planetesimals leading to long assembly times for all the satellites (,-_ 10 _ years) despite the short accumulation times of the material in the circumplanetary disk _ 102 years (Stevenson, personal communication) . Because no detailed model of satellite formation in a starved disk scenario has been advanced, we simply discuss some of the issues that any such model has to contend with.
First and foremost is the issue of satellite survival. Recent numerical simulations
show that opening a gap does not necessarily terminate accretion of gas onto the planet (Lubow et. al. 1999) . While at first glance this result may seem welcome news for a model that has the satellite system form after gap opening, it has long been recognized that gas drag (e.g. Lunine and Stevenson 1982) makes long term satellite survival in the presence of gas a significant issue. This problem is compounded if one insists in making all the satellites slowly.
Doing so deprives this model of the stalling mechanism due to the feedback reaction of the disk that we use (see Paper 1I) to allow for long term survival. The proto-satellite would never grow to a size that would allow it to stall in the gas disk since it would first drift into the planet. One can postulate the presence of satellite seeds with enough mass to have stalled, but this simply postpones the problem to one of either seed capture or formation. The intrinsic difficulty of any model that relies on the infall of gas after planetary accretion to make the satellite system on a long timescale is that it retains the gas around for a long time.
The alternative is a gas-free accretion model. However, such a model may be difficult to justify. Aside from gas flowing through the gap, another factor contributing to the difficulty of ridding the subnebula of gas is the likelihood that the gas turbulence dies clown as the gas becomes optically thin and the planet cools. Hence it is unlikely that gas turbulence alone can lower the gas density in the disk below the value at which the gaseous optical depth is of order unity (unless small dust particles are kept around for a long time, which presents a problem in light of the short coagulation timescales). Also, the locations of the irregular satellites argues for a sharp cut-off in the gas surface density far from the planet. Such a sharp cut-off is inconsistent with strong gas viscosity at that location.
Thus, the gas component may stay around until it dissipates due to photodissociation. Furthermore, there are numerous observational reasons why the presence of gas is desirable.
We have already touched on a few in this paper, such as the sizes of the Galilean satellites, the capture of Hyperion into resonance, the presence of captured objects at large distances but not closer in, the absence of small satellites far from the planet, and the parity between the mass ratio of atmospheric envelopes of the giant planets and the ratio of mass in their satellite systems; we will follow up on this issue in Paper II.
There is also the issue of the source of the solids. The flow of gas through the gap does not imply flow of solids, since by this time aggregation models (Weidenschilling 1997) lead to mass distributions such that most of the mass of solids is located in objects > 10 km. That is, only a tiny fraction of the mass arriving at Jupiter millions of years after its accretion would be in the form of particulate matter coupled to the gas flowing through the gap. To derive a sufficient amount of such material would require large amounts of gas to flow through, which would make survival of satellitesimals problematic. On the other hand, large planetesimals would not be coupled to the gas, and their dynamics have to be followed independently. Mosqueira et al. (2000) considered Rocbe-lobe feeding of satellitesimals in tandem with the formation of the regular satellites.
To that end, they adapted a symplectic code to treat satellite accretion simultaneously with the feeding of satellitesimals into the planetary environment. The issue arises as to how to capture infalling planetesimals.
True capture requires close interaction with material bound in orbit around the planet (which, in a starved disk model, is insufficient to give rise to the observed satellite systems). Even if enough mass were captured to make the satellite systems, this would not guarantee that this mass would end up in the satellite systerns. One must make sure not to send most of that material into Jupiter. That is, the disk has to be sufficiently starved to lead to a long formation timescale but its surface density cannot be so low as to decrease the disk capture rate below that of Jupiter (it must be remembered that Jupiter's capture cross section is larger than the planet's physical cross-section). On the other hand, the number density of late arriving planetesimals may not be so high as to send too many planetesimals into the Oort cloud. Thus, such a scenario must be very carefully tuned. Perhaps more importantly, since planetesimals in the outer solar system scatter in million years timescales (Gladman et al. 1990) , it must be shown that there would be enough In addition, lengthening the formation time of the satellites creates a significant problem in that it exposes the protosatellites to prolonged bombardment from the Roche-lobe, thus substantially decreasing the chances that they will survive. This is particularly problematic for Jupiter, where the velocity of incoming projectiles may be enough to shatter objects as large as --_ 1000 km (Greenberg et al. 1977) . It is easy to see, then, that forming satellites slowly, out of the mass arriving directly from the Roche-lobe on ballistic orbits may be more likely to destroy than to form satellites.
Recall that in our model most satellites (particularly those close to Jupiter) form quickly, and grow large enough to survive even large impacts (even Callisto grows quickly to embryo size). As a result, a starved disk model may have trouble forming satellites anywhere.
The angular momentum of the satellite system also presents a serious problem to a starved disk model, where most of the mass fed into the system comes in the form of satellitesimals that are not coupled to the gas. Because a swarm of planetesimals is likely to have small net angular momentum with respect to the protoplanet, it is difficult to see how such a swarm can lead to the formation of satellites. Even assuming that satellitesimals are preferentially fed from the outer regions of the solar nebula, one would still be faced with a difficulty avoiding loss of angular momentum during satellite formation (one might even expect preferential capture of retrograde objects as is the case for the irregular satellites).
Here again, the long timescale of formation aggravates the situation. This is of particular concern because Jupiter and However, a starved disk model forms all the regular satellites out of late arriving material, whereas the angular momentum of the gas arriving after the giant planet has accreted most of its mass would take it to orbits outside the centrifugal radius (considering the torque of the Sun on the gas that flows into the giant planet).
To close this discussion, we point out that regardless of the details of such a model, it is likely that it would predict a partially differentiated state for Titan. Accretion onto Titan would have occurred even slower, with less energetic impacts, and at a lower temperature (both of the nebula and the object) than Callisto's accretion.
Furthermore, a starved disk model would preclude the presence of significant amounts of ammonia in Titan or any other satellite. Therefore, one would expect a partially differentiated (Callisto-like) Titan.
Conclusions
We have used a consistent model for the accretion of regular satellites of Jupiter, Saturn and Uranus. Though a variety of accretion scenarios arise out of our model, we argue that this is not tantamount to special pleading for each satellite; rather, the various possibilities all derive from the parameter space available to the model. In our view, the complexity of the model is justified by the observations. We investigate a model for giant planet regular satellite formation in which the satellites accrete in the presence of a dense inner gaseous disk extending out to the planet's centrifugal radius, and from an extended, low density outer disk extending out to a fraction of the planetary Hill radius. The accretion of the satellites takes place at the tall end of the formation of the giant planet, at a time of heavy Roche-lobe planetesimal bombardment;
however, the bulk of the materials in the satellites is derived from condensables left behind by planetesimal break-up in the giant planet's extended, collapsing envelope, from which the circumplanetary gas disk formed. We assume a "minimum mass" model to estimate the mass of the inner disk; and in light of the high-Z enhancement in Jupiter and Saturn, we consider increased solid concentrations by a factor of 3 -4. We take the similarity of the reconstituted satellite mass ratio between Jupiter and Saturn (,-, 3.7) and the ratio of the atmospheric envelopes of these two planets as an indication that (a) the same general process applied to both of their satellite systems, and (b) the amount of material left in the inner disk is related to amount of gas in the planet's envelope. Therefore, we use the above ratio to estimate the relative mass in the gas disks of the two planets. Similarly, the atmospheric envelope mass ratio between Saturn and Uranus _ 18 corn-pares well withthe ratio ofthe masses inthe satellite systems ofthese twoplanets _ 15.This leads ustouse aminimum gas model extending outtoUranus' centrifugal radius (and not tothe present location ofOberon, given that theUranian satellites probably migrated inward) toestimate the amount of gas present inthe Uranian inner disk subnebula.
There arethree possible mechanisms that can lead tothe formation ofthe extended disk. First isthe spin-out scenario of Korycansky et al. (1991) . Second, gas viscosity may push gas out to large distances.
Third At present, the best candidate mechanism to generate turbulence with a in the range 10-'1 _ 10-2 is an entropy gradient in the subnebula leading to a non-barotropic equation of state (Klahr and Bodenheimer, in press ). Such a model leads to turbulence that is a function of position and time. Post-accretion, turbulence is likely to die down to o_ values of 10 -6 -10 -5, We extend this model to the satellites of Uranus. Though for Uranus the mass for the inner or outer disks may not have been enough to form a Titan or an lapetus, we find remarkable similarities between the Uranian satellite system and the inner Saturnian satellites. We defer further discussion of this issue to Paper I1. Here we simply point out that we interpret the gap between the centrifugal radius and the outermost Uranian regular satellite as suggestive of substantial satellite migration inwards.
In the outer disk, our model ties the absence of a regular satellite outside the centrifugal radius to the presence of irregulars close to the centrifugal radius (compared to the irregulars of Jupiter and Saturn).
The question of the silicate fraction of the satellites is likely to be quite complicated with many thorny issues which are beyond the scope of this paper (see McKinnon et al. 1997 for a review). Here we simply point out that our model seems to fit better with the view that most of the regular satellites of giant planets are not water deprived but water enriched. By this we mean that regular satellites forming in regions of the subnebula where water condensation had taken place probably had more water available to them than given by solar mixtures, even if they lost some of that water in the process of accretion.
As has been done before (e.g. Podolak et al. 1993) , we note that all the regular satellites of giant planets with the exception of 1o and Europa have silicate fractions well below those of Triton, Pluto and Charon (though at least Triton may have lost a significant amount of water during its history).
There are at least four mechanisms that can lead to water enrichment, and we suggest that their interplay may have the best chance of explaining the observed silicate fractions of the regular satellites of the giant planets. First, ice ablation of planetesimals hitting the envelope of the giant planet and/or dust settling can add water content to satellites forming far from the planet (this may have played a major role in the case of Iapetus and to a lesser extent in the case of Callisto). Second, more water may be available under nebular conditions applicable to satellites forming in the inner disk (this may apply to Ganymede, Titan and to a lesser degree the Uranian satellites). Third, non-homogeneous accretion may lead to selective loss of silicates (this may be applicable to the inner Saturnian satellites and perhaps to Miranda; see Paper II). However, much more work will have to be done to check this possibility.
We briefly consider the alternative conceptual model that Callisto's timescale was set by the timescale over which solids were fed into the system, and that all the regular satellites of Jupiter and Saturn formed from a "starved disk". We conclude that this scenario faces significant hurdles. Nevertheless, the issue needs to be settled. We propose that a good test of this alternative model is whether or not Titan is differentiated. Our model leads us to the conclusion that while Titan took considerably longer to form than Ganymede, it still formed in a short timescale (< 105 years), making it very likely that it is fully differentiated.
On the other hand, the "starved disk" model im- We find that for a 500 km satellitesimal at a = 150 Rj with a density ofp_ = 1.5 g cm -3, e ,_ 0.17 and i _ 0.1. For case (b) in which we balance interactions with physical collisions only, we also find a simple relationship e = V_i = 0.99(T_/Tcg) '/4 (A8)
Here for the same 500 km object at a = 150 Rj, we find that e ,'_ 0.23 and i _-, 0.1. However, for case (c) we cannot decouple the characteristic times from equations (A 1) and (A2) in order to find a simple relationship between e and i.
We find that a good estimate that encompasses the sizes of satellitesimals we are interested in for the outer disk to be 0.4
In tiffs case for a 500 km object at a = 150 Rj, we find that e ,--, 0.16 andi _ 0.084. In all three cases, we must iterate to find solutions for e and i, and the focusing factor given by Fg = 1 + O. We have solved these three cases for a range of satellitesimal mass at a = 150 Rj and plotted them versus the Safranov parameter in Figure 7 . The satellitesimals are assumed to have a density of p, = 1.5 g cm -3. The dashed line represents the solution to case (a). The Safranov parameter actually decreases as one approaches higher masses. This is due to the fact that there are fewer physical collisions for larger particles. The dotted line corresponds to case (b) where we balance the pumping of e and i with gravitational collisions.
Here O increases as one approaches larger masses. Likewise case (c), which combines both effects, corresponds to the solid line. Physical collisions dominate for the smaller masses, while gas drag wins out for larger particles as the number of physical collisions decrease.
For all cases we find O < 1 indicating that over this range of satellitesimal sizes the focusing is weak. Interestingly, the ratio of drag time ra_, to collision time 7-_can be written as (_.) (13_0TK--) 3/s ( 15ORj ) 3/s --_ 6 --.
(A10) 7-c Notice that this is independent of particle size. Also note that since eli ._ constant this is independent of the velocity dispersion, Likewise, the Safronov accretion timescale is independent of velocity dispersion for Fg _ 1. 
Appendix B: Collisional

f, =A\ Ep ]
where Edis_ is the "disruption energy" of the target, Ep is the impact energy imparted by the projectile,
A is a constant of order unity, and b ,,_ 0.8 -1.25 for various target materials 
where c_ and c2 are dimensionless constants of order unity.
The crossover size such that the strength of the target is on the same order as its gravitational binding energy has been found to range from several 100 km radii to as small as a few 100 m (Ahrens and Love 1996) . Assuming cl ----c2 = 3/5 (gravitational binding energy coefficient) in equation (B2), one finds that the transition size may be expressed as r, (3Y/4_rGp_) 1/2, which yields objects tens of kilometers in size for strengths in the MPa range.
As an example, we consider the collision of two equallysized objects (r_ > 100 km) in the outer disk assuming that target strength is unimportant. The energy imparted into the target is taken to be half of the total collisional kinetic energy Ep = mpv_(1 + 20)/4 _ rnpv_¢/2 where we assume the remaining half of the energy remains in the projectile. The Safronov parameter is taken to be O = 0.5 as a representative value (see Figure 7 ). We find that fl "" 0.5 -0.7 which satisfies the criterion for partial disruption of the the target. This suggests that collisional disruption may have played an important role in determining the accretion timescale for satellite embryos in the outer disk.
